We report the infrared spectra at 0.5 cm À1 resolution of three dimethylnaphthalenes (DMNs), namely 1,5-DMN, 1,6-DMN and 2,6-DMN in the gas phase at an elevated temperature recorded with the help of a variable path-length cell. DFT calculations have been carried out at B3LYP levels of theory with 6-31G* as basis set to determine the harmonic frequencies and intensities of the DMNs to assign the experimentally observed spectra. We have compared the experimentally observed and theoretically calculated spectra of the dimethylnaphthalenes and assignments have been made. The observed and predicted frequencies and relative intensities are generally in good agreement. The intense aromatic C-H out-ofplane bending vibration observed around 800 cm À1 and three methyl C-H symmetric and asymmetric stretching vibrations around 2900 cm
Introduction
Naphthalene and alkylated naphthalenes are semi-volatile polycyclic aromatic hydrocarbons (PAHs) present in the atmosphere mostly in the gas phase [1] . Diesel fuel contains alkyl-PAHs including methyl naphthalenes (MNs) and dimethylnaphthalenes (DMNs) [2, 3] . In urban areas emission from diesel-fueled vehicles puts these compounds [4, 5] in the atmosphere. The alkylated PAHs have also been identified in individual interplanetary dust particles (IDPs) in as early as 1993 [6] .
The toxicity, carcinogenicity and mutagenicity of DMNs are different, and thus, it is important to identify and distinguish them at low concentrations. Gas chromatography/Fourier transform infrared studies of gas phase PAHs and their methylated derivatives have been reported [7] , where infrared spectra of 33 PAHs including those of 2-methylanthracene, 9-methylanthracene, 1-methylphenanthrene, 9,10-dimethylanthracene and 7,12-dimethylphenanthrene have been included.
Theoretical infrared spectra of PAHs on nitrogen substitution, oxygen substitution [8a,b] and methyl substitution [9] have also been reported. The low-resolution gas phase infrared spectra of 1,5-and 2,6-DMNs have been reported in the NIST chemistry web book [10] , but vibrational assignments have not been done.
We have studied the FT-IR spectra of 1,5-, 1,6-and 2,6-DMNs in the gas phase at low pressure with the help of a long variable path-length cell. The experimental spectra are compared with theoretically calculated spectra at B3LYP/6-31G* level of theory. The motivation to do this work is to identify and distinguish DMNs by IR spectroscopy.
Materials and methods
DMNs used in this investigation are 1,6-dimethylnaphthalene (98%, Fluka), 1,5-dimethylnaphthalene (98%, Aldrich Chem. Co.) and 2,6-dimethylnaphthalene (99.8%, Oekanal) which were obtained commercially.
FT-IR spectra of the compounds were recorded in a Thermonicolet (Nexus 870) spectrometer. PAHs, in general, have insufficient vapour pressure at room temperature and thus it is difficult to get PAHs in the gas phase from their solid or liquid phase. Kurtz used a stainless steel cell to get the IR spectrum of coronene at elevated temperatures [11] Joblin et al. recorded the IR spectra of neutral PAHs in the gas phase using an oven made from nickel-chromium alloy and fitted with IR transparent diamond windows [12, 13] . We have used a variable long path-length cell (Model 7.2-V, REFLEX Analytical Corporation) and ultra high pure (UHP) argon as carrier gas for recording the IR spectra of DMNs. The variable path-length cell body is a cylinder of borosilicate glass of length 20 cm, with an inside diameter of 6 cm. It has an optical path adjustable from 1.2 to 7.2 m in increments of 0.6 m. The cell contains three internal gold-coated mirrors. Of these, two are immovable and one is movable. Two potassium chloride windows of 2.5 cm diameter are used for the entrance and exit of IR radiation into the cell. In addition to this there are two plane transfer mirrors, which couple the cell with the spectrometer optical path. The cell can be evacuated by a pump and the sample holder is connected through a valve to the cell. The sample DMN vapour mixed with Ar is introduced into the long path-length cell which includes the sample holder is maintained at 90 8C.
The DMNs were subjected to a repeated freeze/pump thaw procedure before use. The total pressure of argon gas containing DMNs in the cell was maintained at $25 Torr. Mid-infrared spectra (4000-400 cm À1 ) were collected using a deuterated triglycine sulphate (DTGS) detector/KBr beam splitter combination at 0.5 cm À1 resolution with averaging over 2048 scans.
The quantity of interest in the intensity measurements is the integrated absorption coefficient A (in cm À2 atm À1 ) which can be determined using the following expression given by Galabov and Dudev [14] :
where P is the pressure (in atm) of the compound and l is the optical path length (in cm). In our experiments it is not possible to obtain the pressure of the DMNs since they are seeded with a carrier gas and their partial pressures at an elevated temperature in the mixture is unknown. Therefore, we have calculated the integrated band areas R log ðI 0 =IÞ dn (in cm À1 ) with the help of OMNIC software provided by Thermonicolet under all the experimental bands and obtain pressure of the DMN from Eq. (1) using the calculated absolute intensities. The average pressure obtained from all the bands using the above procedure is used to calculate absolute experimental intensities. In order to get the absolute experimental IR intensities in km mol À1 , the values in cm À2 atm À1 were multiplied by factor of 82.056 (T/ K). Theoretical calculations were carried out using density functional theory (DFT) to determine the harmonic frequencies and intensities of 1,6-DMN, 1,5-DMN and 2,6-DMN. We have followed the approach that has been used by Bauschlicher et al. [8, 9] , where they performed DFT calculations with the B3LYP/ 6-31G* and B3LYP/4-31G level using the Gaussian 94 codes. In our case, geometry optimization was carried out with standard polarization basis sets 6-31G* at the B3LYP (Becke 1993; Lee, Yang, and Parr 1988) level of theory using Gaussian 98 [15] codes in an IBM RS/6000 computers.
The frequencies and intensities were determined at the fully optimized C 1 geometry (Fig. 1) . From the Gaussian output results we could predict the spectra for these compounds. For each spectral line full-width at half-maximum (FWHM) was assumed to be 15 cm À1 and the calculated frequencies were scaled by a factor of 0.9588 for C-H stretch and 0.9733 for other modes to compare with experiment [16] . It was reported by Langhoff et al. [17] that many of the methyl PAHs are found to be of lower symmetry (C 1 ) due to slight rotation of the methyl group, although the true point group of the molecule is C s . In our B3LYP calculations on DMNs, we found at least one imaginary frequency at the C s optimized structure and thus C 1 symmetry was chosen for calculation.
Results and discussion
The gas phase IR spectra of the three DMNs investigated in this report are shown in Fig. 2 a Ar(C-H) , aromatic C-H out-of-plane; b Me(C-H) , methyl C-H out-of-plane bending; g Ar-ring , aromatic ring deformation; d Ar(C-H) , aromatic C-H in-plane bending; t Me(C-H) , methyl C-H out-of-plane twist; n Ar(C-C) , aromatic (C-C) stretching; x Me(C-H)Sym , methyl C-H symmetric stretching; x Me(C-H)Asym , methyl C-H asymmetric stretching; A Ar(C-H) , aromatic C-H stretching. a Adapted from Ref.
[10]. b The B3LYP/6-31G* frequencies are scaled by 0.9588 for C-H stretching and 0.9733 for other modes [16] . c In case of NIST reported spectra, only relative intensities are given in parentheses. a Ar(C-H) , aromatic C-H out-of-plane bending; s Me(C-H) , methyl C-H in-plane bending; b Me(C-H) , methyl C-H out-of-plane bending; g Ar-ring , aromatic ring deformation, d Ar(C-H) , aromatic C-H in-plane bending; t Me(C-H) , methyl C-H out-of-plane twist; n Ar(C-C) , aromatic (C-C) stretching; x Me(C-H)Sym , methyl C-H symmetric stretching; x Me(C-H)Asym , methyl C-H asymmetric stretching; A Ar(C-H) , aromatic C-H stretching. a The B3LYP/6-31G* frequencies are scaled by 0.9588 for C-H stretching and 0.9733 for other modes [16] . b The B3LYP/6-31G* frequencies are scaled by 0.9588 for C-H stretching and 0.9733 for other modes [16] . c In case of NIST reported spectrum, only relative intensities are given in parentheses. which from comparison with calculations have been identified as the Me(C-H) symmetric and asymmetric stretching fundamentals. However, the calculated bands at these frequencies are doubly degenerate for each mode due to the presence of two methyl groups in the molecules. At our experimental resolution, these degeneracies cannot be lifted. Also in calculation some of these fundamentals appear to be highly intense and have higher intensity than the low frequency Ar(C-H) out-of-plane bending fundamental. In experiment, the latter remains the strongest band in the IR spectra of DMNs.
The next three to four bands are also of moderate intensities and appear at 2979.4, 3043.2, and 3081.0 cm À1 in 1,5-DMN; 2980.5, 3031.8, 3056.8, and 3078.0 cm À1 in 1,6-DMN; 2976.5, 3028.9, and 3054.5 cm À1 in 2,6-DMN. These bands correspond to three pairs of doublets in calculation as shown in Tables 1-3 and are assigned to Ar(C-H) stretching modes. In 1,6-DMN the last doublet appears as the doublet in the observed spectrum and is clearly resolved.
By comparing the DMN and MN spectra, we resolve that there is only one strong band in the reported spectrum of 1-MN due to the Ar(C-H) stretching vibration above 3000 cm À1 while there are two or more moderate intensity bands in the observed spectrum of the DMNs in that region. In Table 4 we have listed four characteristic bands of the DMNs, which may help in their identification in an unknown mixture. The Ar(C-H) out-ofplane bending vibration is the strongest in intensity among all the bands in DMNs and is easy to identify around 800 cm À1 . The DMNs are distinguishable from the position of this band, which appears with a clear separation in different DMNs. Methyl C-H symmetric and asymmetric stretching set of three bands is the next set of bands, which are distinct in all the DMNs investigated in this paper. They appear clearly resolved at the high frequency end of the IR spectrum around 2900 cm À1 with moderate intensities and can be easily marked.
Conclusions
We have reported the gas phase IR spectra of 1,5-DMN, 1,6-DMN and 2,6-DMN and assigned their vibrational modes using harmonic DFT calculation. In general experimental spectra are in good agreement with the calculated spectra. From the experimentally observed spectra it is possible to distinguish the DMNs based on the intensity and position of the Ar(C-H) outof-plane bending and methyl C-H symmetric and antisymmetric stretching vibrations which are well resolved in frequency among various DMNs. These spectra at 0.5 cm À1 resolution have more features over the previously reported lowresolution spectra of the DMNs. Further studies with isotope substitution along with anharmonic analysis of the data are necessary to fully assign the vibrations of these differently substituted DMNs.
